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Statement of Research Problems 
We have developed two low-cost, versatile micropattering methods for 
fabricating micron and deep sub-micron conformal metal patterns on planar and non-
planar polymeric substrates. We refer to our methods collectively as “hard 
microstamping” since both of them use a pre-patterned rigid silicon stamp to emboss 
a polymeric substrate while selectively transferring substances, such as nanopaticles 
or thin metal films, to a substrate. 
We investigate their ability to generate to high-quality micron and deep sub-
micron metal patterns in systems presenting problems in materials, topology, surface 
functionality that cannot easily be solved by photolithography. Scientific issues 
unique to the use of rigid stamps arise. Our work also involves optimizing the 
techniques, examining and explaining the principles, processes, and limitations.  
Our “hard microstamping” techniques have potential applications in fields as 





Our broad aim is to develop alternative micro- and nanopatterning techniques 
to complement established methods such as photolithography. These techniques 
would ideally circumvent the diffraction limits of photolithography (i.e. be applicable 
well into the nanoscale), be able to fabricate to two-dimensional and three-
dimensional structures, tolerate a wide range of materials and surface chemistries, be 
inexpensive, and experimentally simple. In this research, we have focused on 
fabricating micro- and nanoscale metal patterns on polymeric substrates and their 
applications. 
We have developed two cost-effective, versatile micropatterning techniques, 
collectively called “hard microstamping”, for fabricating micro- and nanoscale 
conformal metal patterns on planar and non-planar polymeric substrates in a parallel 
process. We refer to these techniques as “hard microstamping” since both methods 
use a pre-patterned rigid stamp, normally made of silicon or metal, to emboss a 
polymeric substrate while selectively transferring substances to a substrate. 
We investigate their ability to provide routes to high-quality patterns and 
structures with lateral dimensions of micron and sub-micron scale in systems 
presenting problems in materials, topology, surface functionality that cannot (or at 
least not easily) be solved by photolithography. Scientific issues unique to the use of 
rigid stamp arise. Our work involves developing and optimizing the techniques, 
examining and explaining the principles, processes, and limitations. The ability of our 
method to easily and accurately fabricate metal patterns on the micro- and sub-micron 
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over large regions opens new possibilities in fields as diverse as microelectronics and 
bioengineering. 
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Chapter 1   Introduction 
Chapter 1   Introduction 
Microfabrication has long been the basis for microprocessors, memories, and 
other microelectronic devices for information technology. Miniaturization and 
integration of a range of devices have resulted in portability; reductions in time, cost, 
sample size, and power consumption; improvements in detection limits; and new 
types of functions.  
New technical challenges arise with the continued shrinking of feature sizes 
towards and below 100 nm. Further miniaturization will require major technological 
breakthroughs in the processes underlying microfabrication, especially 
photolithography, the heart of microfabrication. The breakthroughs must not only 
allow further reductions in the size of the smallest features, but also must be 
economically feasible to implement within the manufacturing process. Below 100 nm, 
however, it is generally accepted that current strategies for photolithography may be 
blocked by optical diffraction and by the opacity of the materials used for making 
lenses and photomask supports. Furthermore, even for fabrication on the micrometer 
scale, photolithography may not be the only and/or best method for all tasks. 
We aim to develop a non-photolithographic, cost-effective microfabrication 
method that is able to produce micro- and nanoscale conformal metal patterns on 
planar and non-planar polymeric substrates in a parallel process. We have developed 
two strategies and refer to these methods collectively as “hard microstamping” since 
both use a pre-patterned rigid silicon stamp to mold a polymeric substrate while 
selectively transferring materials to a substrate.  
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Our work involves developing and optimizing the stamping process. This 
includes studying the transfer of materials, such as nanoparticles or thin metal films 
from a rigid stamp, understanding and examining the principles, materials, and 
limitations of the techniques, and demonstrating their ability to generate patterns and 
structures with features that range from nanometers to micrometers in size. We have 
also studied some scientific issues and problems related to material science, unique to 
the use of hard stamps. 
This thesis was organized into six chapters. In the first, we review 
micropatterning techniques that have been developed in the past ten years. In the 
second, we give a brief overview of our methods and compare them to other 
micropatterning techniques. In the third section, we introduce the development of our 
hard microstamping techniques. The emphasis in this section is on how to fabricate 
conformal metal micro- and deep sub-micron patterns on planar and non-planar 
polymeric substrates. One strategy is hard microstamping of catalytic Pd/PVP 
nanopaticles. This work involves transferring catalytic nanoparticles selectively to 
polymer surfaces. Subsequent electroless plating allows the formation of microscale 
metal patterns. The other technique involves hard microstamping of thin metal films 
directly on polymeric substrates. Both methods allow us to generate conformal metal 
micro- and sub-micron patterns on common polymeric substrates. 
In the fourth section, we demonstrate the experimental results and discuss 
some scientific issues and problems related to materials science, unique to the use of 
hard stamps. For the process of hard stamping of Pd/PVP nanoparticles, this involves 
explaining the mechanisms of adsorption of nanoparticles on the rigid stamp, and the 
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subsequent transfer to the polymeric substrate, analyzing the effects of the various 
factors, including adsorption time and stamping temperature, on the quality of the 
microstructures fabricated. For hard microstamping of thin metal films, the principle 
and process of the metal film transfer were examined and the effects of stamping 
temperature and separating temperature on the quality of micropatterns were 
investigated.  
In the fifth section, we describe some applications of the resulting 
micropatterned surfaces. We chose to demonstrate that our micro- and deep sub-
micron metal patterns can be used as masks to pattern proteins. Patterned surfaces 
with protein concentration gradients have been fabricated in order to study the 
directional outgrowth of nerve cells. In the last section, we give an overall conclusion 
of the work. 
 
 3
Chapter 2   Literature Review 
Chapter 2   Literature Review 
2.1 Background 
 
Microfabrication is key to much of modern science and technology. A number 
of opportunities exist if new microstructures can be fabricated or existing structures 
can be downsized.[1] The most obvious examples are in microelectronics, where 
“smaller” has meant better ⎯ lower cost, more components per chip, faster operation, 
higher performance, and lower power consumption. 
Ever since its adoption into integrated circuit manufacturing, photolithography 
has thrived thanks to the evolution of optics and other peripheral technology 
innovations such as photoresist development, advanced resist processing, and mask 
making. Photolithography is the most successful micropatterning technology. 
Photolithographic methods currently used for manufacturing microelectronic 
structures are based on a projection printing system in which the image of a reticle is 
reduced and projected through a high numerical aperture lens system onto a thin film 
of photoresist that has been spin-coated on a wafer. The resolution “R” of the stepper 
is subject to the limitations of optical diffraction according to the Rayleigh Equation 
(1) [2],  
                                                R = k1λ/NA                                                    (eq. 1) 
where λ is the wavelength of the illuminating light, NA is the numerical aperture of 
the lens system, and k1 is a constant that depends on the photoresist. Although the 
theoretical resolution limit of optical diffraction is usually about λ/2, the minimum 
feature size that can be obtained is approximately the wavelength of the light used. As 
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a result, illuminating sources with shorter wavelengths are progressively introduced 
into photolithography to generate structures with smaller feature sizes (Table 2.1).[3] 
As structures become increasingly small, they also become increasingly difficult and 
expensive to produce. 
 
 Table 2.1   The recent past, present, and future of semiconductor technology.   
These represent the smallest features that can be economically mass produced. 
 
Year Lithographic method Resolution (nm)[a] Bits (DRAM)[b]
 Photolithography (λ [nm])   
1992 UV(436), g line of Hg lamp 500 16M 
1995 UV(365), i line of Hg lamp 350 64M 
1998 DUV(248), KrF excimer laser 250 256M 
2001 DUV(193), ArF excimer laser 180 1G 
2004 DUV(157), F2 excimer laser 120 4G 
2007 
DUV(126), dimmer discharge 
from an argon laser 
100 16G 
2010 Advanced lithography <100[c] >16G 
 Extreme UV (EUV, 13 nm)   
 Soft X-ray (6-40 nm)   
 Focused ion beam (FIB)   
 Electron-beam writing   
 Proximal-probe methods   
 [a] The size of the smallest feature that can be manufactured. [b] The size of the dynamic random 
access memory (DRAM). [c] These techniques are still in early stages of development, and the 
smallest features that they can produce economically have not yet been defined. (Table 2.1 adapted 




Chapter 2   Literature Review 
The continued shrinking of feature sizes towards and below 100 nm poses 
new technical challenges for photolithography. It might be extended to feature size 
down to 100 nm by employing advanced mask/resist technologies and deep 
ultraviolet (DUV) radiation. Below this size, however, it is generally accepted that 
current strategies for photolithography may be ineffective due to optical diffraction 
and the opacity of lens and photomask materials. Furthermore, it may not be the best 
method for all tasks even on the microscale. For example, it is high-cost; it cannot be 
easily adopted for patterning nonplanar surfaces;[4] and it is directly applicable to only 
a limited set of materials used as photoresists.[5]
New approaches must be developed to extend patterning capability into the 
range below 100 nm. Advanced lithographic techniques currently being explored for 
this regime include extreme UV (EUV) lithography, electron-beam writing, X-ray 
lithography, focused ion beam writing, and proximal-probe lithography.[6] These 
techniques can define sub-100 nm features, but their commercial applications still 
require great ingenuity due to high cost and low throughput. These limitations suggest 
the need for alternative microfabrication techniques. The development of practical 
methods capable of generating structures smaller than 100 nm for a range of materials 
with low cost and high throughput represents a major task, and is one of the greatest 
technical challenges now facing microfabrication. 
A number of non-photolithographic techniques have been demonstrated for 
fabricating high-quality microstructures and nanostructures (Table 2.2).[7-25] Among 
these, there is a family of micropatterning techniques collectively termed “soft 
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lithography”, since all methods use a soft elastomeric stamp or mold to transfer the 





























 Table 2.2   Non-photolithographic methods for micro- and nanofabrication. ethod Resolution[a] Reference 
jection molding 10 nm [7] 
printing (embossing) 10 nm [8] 
ast molding 50 nm [9] 
aser ablation 70 nm [10] 
icromachining with a sharp stylus 100 nm [11] 
aser-induced deposition 1 µm [12] 
lectrochemical micromachining 1 µm [13] 
ilver halide photography 5 µm [14] 
ad printing 20 µm [15] 
creen printing 20 µm [16] 
k-jet printing 50 µm [17] 
lectrophotography (xerography) 50 µm [18] 
tereolithography 100 µm [19] 
oft lithography  [20] 
icrocontact printing(µCP) 35 nm [21] 
eplica molding(REM) 30 nm [22] 
icrotransfer molding(µTM) 1 µm [23] 
icromolding in capillaries(MIMIC) 1 µm [24] 
olvent-assisted micromolding(SAMIM) 60 nm [25] 
 The lateral dimension of the smallest feature that has been generated. These numbers do not 
essarily  represent ultimate limits. (Table 1.2 adapted from Y. Xia and G. M. Whitesides[3]) 
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Soft lithography generates micropatterns of self-assembled monolayers 
(SAMs)[26] by contact printing, and also forms microstructures in materials, such as 
plastics and glasses, by embossing[8] and replica molding[9]. It has expanded the range 
of materials that can be used and has suggested routes to previously inaccessible 
three-dimensional structures. Figure 2.1 shows the general procedure for producing 
an elastomeric “master” and stamp for soft lithography.[27] The strength of soft 
lithography is in replicating rather than fabricating the master, but rapid prototyping 
and the ability to deform the elastomeric stamp or mold give it unique capabilities 
even in fabricating master patterns. Soft lithographic techniques require remarkably 
little capital investment and are procedurally simple. They can often be carried out in 
an ambient laboratory environment. They are not subject to the limitations set by 
optical diffraction, and they provide alternative routes to structures that are smaller 
than 100 nm. The only advanced lithographic techniques needed are for making the 
master. Since this master can then be reproduced many times, it may be fabricated 
with slow and expensive techniques.  
Substantial effort has been put into developing new techniques for fabricating 
nanostructures inexpensively and in very large numbers. During the 1990's two 
significant breakthroughs in unconventional lithographic methods were made: 
"microcontact printing" (µCP)[21] developed by George Whitesides and coworkers 
and "nanoimprinting lithography" (NIL)[8] by Stephen Chou and coworkers. In 
general µCP is based on the use of a soft, poly(dimethyl siloxane) (PDMS) stamp to 
ink a solid substrate with a self-assembled monolayer(SAM). NIL involves using a 
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rigid mold to emboss a heated polymer layer coated on a substrate. Both µCP and 
NIL have been extensively studied and appear close to commercial application. 
 
 
Remove PDMS from master 
Cast PDMS 
Spin coat photoresist 
Expose to UV light through a mask and then 















(e) PDMS stamp 
 
 
Figure 2.1   Schematic illustration of the procedure used to fabricate a PDMS 
stamp from a master having relief structures in photoresist on its surface. 
 
2.2 Microcontact Printing (µCP) 
 
Microcontact printing (µCP), developed by George Whitesides and coworkers 
at Harvard University, is a flexible, non-photolithographic method that routinely 
forms patterned SAMs containing regions terminated by different chemical 
functionalities with micron and sub-micron scale lateral dimensions. The procedure is 
schematically represented in Fig. 2.2(a). An elastomeric PDMS replica is produced 
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from a master (Fig. 2.1) and used to transfer molecules of the “ink”, normally thiol or 
silane molecules, to the surface of the substrate by contact. After printing, a different 
SAM can be formed on the underivatized regions by washing the patterned substrate 
with a dilute solution containing the second molecule. µCP was first demonstrated for 
SAMs of alkanethiolates on gold.[21] Its success relies on the rapid reaction of 
alkanethiols on gold and on the “autophobicity” of the resulting SAMs.[28] An 
excellent STM study by Larsen et al. showed that for µCP with solutions of 
dodecanethiol in ethanol with concentrations greater than or equal to 10 mM, a 
contact time of longer than 0.3 seconds was enough to form highly ordered SAMs on 
Au(111) that are indistinguishable from those formed by adsorption from solution.[29] 
For µCP with hexadecanethiol (ca. 2 mM in ethanol), a contact time of about 10 - 20 
seconds is usually used.[30] 
George Whitesides and coworkers, and other groups have extended µCP to a 
number of other systems of SAMs.[31,32] The most useful systems are patterned SAMs 
of alkanethiolates on evaporated thin films of gold and silver, because both systems 
give highly ordered monolayers. Gold is interesting since it is widely used as the 
material for electrodes in many applications. The system of siloxanes on HO-
terminated surfaces is less tractable and usually gives disordered SAMs and in some 
cases submonolayers or multilayers.[33]
Patterned SAMs can be used as ultrathin resists in selective wet etching[34] or 
as templates to control the deposition of other materials (Fig. 2.2 (b) and (c)). The 
smallest features generated to date with a combination of µCP and selective etching 
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Figure 2.2   Schematic illustration of procedures for µCP of hexadecanethiol 
(HDT) on a gold surface: a) printing on a planar surface with a PDMS stamp; 
b) etching through the printed SAM as mask; c) Depositing other materials 
through the printed SAM as mask. After the “ink” was applied to the PDMS 
stamp with a cotton swab, the stamp was dried in a stream of N2 and then 
brought into contact with the gold surface. 
are trenches etched in gold with lateral dimensions of approximately 35 nm.[30] 
Because the SAMs are only 1-3 nm thick, there is little loss in edge definition due to 
the thickness of the resist; the major determinants of edge resolution seem to be the 
fidelity of the contact printing and the anisotropy in the etching of the underlying 
metal. Absorbates on the surface of the substrate, the roughness of the surface, and 
materials properties (especially the deformation and distortion) of the elastomeric 
stamp also influence the resolution and feature size of patterns formed by µCP. 
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Tailoring the properties of the PDMS stamp or development of new elastomeric 
materials optimized for the regime below 100 nm would be useful. 
µCP is attractive because it is simple, inexpensive, and flexible. Routine 
access to clean rooms is not required (at least for fabricating structures that are larger 
than 20 µm by rapid prototyping and similar techniques), although occasional use of 
these facilities is convenient for making masters. The process is inherently parallel – 
that is, it forms the pattern over the entire area of the substrate in contact with the 
stamp at the same time – thus it is suitable for forming patterns over large areas (~50 
cm2) in a single impression.[32] The elastomeric PDMS stamp and the surface 
chemistry for the formation of SAMs can be manipulated in a variety of ways to 
reduce the size of features generated by µCP. It can, in principle, be used for many 
micro- and nanofabrication tasks and is a low-cost process. 
 
2.3 Nanoimprinting Lithography (NIL) 
 
Nanoimprinting lithography (NIL),[8] developed by Stephen Chou and 
coworkers at Princeton University, is a low cost method for the parallel replication of 
structures on the micrometer and nanometer scale. With a single master or stamp, 
identical structures can be produced as required over large surfaces. Similar 
techniques to NIL are well established for microstructure fabrication, for example in 
compact disc molding and in the manufacture of holographic security features. In 
comparison with optical lithography, NIL is much more cost-effective and not limited 
by the diffraction of light. So far, the minimum size of features that can be achieved 
by NIL is 10 nm.[8]
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Nanoimprinting lithography has two basic steps as shown in Fig. 2.3. A thin 
thermoplastic film is spin-coated onto the substrate and has a thickness similar to the 
required structure height so that it can be subsequently used as a resist. The 
thermoplastic film is then heated above its glass transition temperature Tg and is 
shaped by pressing the master into the surface. As the thermoplastic film is 
compressed, the viscous polymer is forced to flow into the cavities of the mould so 
that it conforms to the surface relief of the stamp. The temperature (which determines 
the viscosity of the polymer), the time of embossing and applied pressure must be 
chosen so that the polymer completely fills the cavities of the stamp during 
embossing. Once the polymer has conformed to the shape of the stamp, it is cooled to 













Pressure and heat 
Substrate 
4) Dry Etching 
3) De-moulding 
2) Imprinting 
1) Spin Coating 
Thin polymer film 
Remaining thin polymer layer 
Open window 
Figure 2.3   First stage of hot embossing lithography: imprint replication in 
polymer followed by window opening. 
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In the second stage of the NIL process, the surface relief can be transferred 
into a hard material, for example a metallic, semiconducting or magnetic material, 
depending on the application. Prior to pattern transfer, the residual thin polymer layer 
which remains on the bottom of the embossed structure is removed by 
homogeneously thinning the polymer with O2 plasma, thereby opening windows to 
the substrate. The final pattern transfer can then be carried out by lift-off or reactive 
ion etching (RIE), and also wet chemical etching or electroplating. NIL itself does not 
use any energetic beams and it is more of a physical process than a chemical process. 
So far, 10 nm diameter holes with 40 nm pitch in PMMA have been achieved on Si or 
a metal substrate and excellent uniformity over 1 square inch. 
 
2.4 Channel Stamping Technique 
 
“Channel stamping”, as an alternative micropatterning technique, was 
developed by Moran and coworkers at Institute of Materials Research and 
Engineering, Singapore. In this method, either a metallo-organic precursor solution or 
a polymer solution is stamped from the channels or wells of a rigid silicon stamp onto 
a substrate. The method has been shown to produce three-dimensional complex 
features composed of two layers of different polymers on the micron and submicron 
scale (Fig. 2.4).[35]
In this work, a rigid silicon stamp with deep-etched microwells was used 
instead of a soft PDMS stamp. The microwells of the stamp were selectively filled 
with a liquid polymer solution and the solvent was evaporated leaving the solid 
residue at the bottom of the microwell. Then, the stamp was coated with a second 
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polymer or monomer layer and the second layer was brought into contact with a 
substrate and cured. Finally, the stamp was removed leaving the polymer features 
attached to the substrate. Features as small as 2 µm by 2 µm in cross section and 10 















The relationships between capillarity, channel filling, and the debonding of 
the ink from the stamp have been studied to examine the requirements for the 
transferring the ink to the substrate.[36] During spin coating, ink lying above the level 
of the raised plateaus is subjected to biaxial stresses, which causes it to thin rapidly 













Figure 2.4   Schematic of the process of hard microstamping bi-polymer 
features. (Figure 2.4 adapted from P. M. Moran and C. Robert[34]) 
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the channel walls and thins at a much slower rate. Certain ink volume and capillarity 
conditions promote uniform channel filling. The conditions that optimize debonding 
require the wetting angle, θ > 90oC.  
 
2.5 Our Hard Microstamping Technique 
 
As widely-used micropatterning techniques, both microcontact printing (µCP) 
and nanoimprinting lithography (NIL) have been extensively studied. In general, µCP 
uses a soft, PDMS stamp to ink a solid substrate with a self-assembled monolayer 
(SAM). NIL uses a rigid mold to emboss a heated polymer layer coated on a substrate.  
Each method has its strengths and weaknesses. µCP is attractive because it is 
simple, inexpensive, and highly versatile. The process is inherently parallel ⎯ that is, 
it forms the pattern over the entire area of the substrate in contact with the stamp at 
the same time ⎯ and thus is suitable for generating patterns over large areas. 
However, this technology is not ideal for making the structures required for complex 
devices. Currently all integrated circuits consist of stacked layers of different 
materials. Deformations and distortions of the soft PDMS mold can produce 
destructive errors in the replicated pattern and a misalignment of the pattern with any 
underlying patterns previously fabricated. The elastomeric character of PDMS is the 





















First, gravity, applied stamping pressure, adhesion and capillary forces exert 
stress on the elastomeric features and cause them to collapse and generate defects in 
the pattern that is formed. If the aspect ratio of the relief features is too large, the 
PDMS microstructures bend or fall under their own weight or collapse owing to the 
forces typical of inking or printing of the stamp, including capillarity and applied 
pressure. Second, when the aspect ratios are too low, the relief structures are not able 
to withstand the compressive forces typical of printing and the adhesion between the 











Figure 2.5   Illustration of possible deformations and distortions of microstructures 
in the surfaces of elastomers such as PDMS. a) Pairing, b) sagging, c) shrinking. 
(Figure 2.5 adapted from Y. Xia and G. M. Whitesides[3]) 
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excludes soft lithography for use with patterns in which features are widely separated 
(d ≥ 20h), unless nonfunctional “posts” can be introduced into the designs to support 
the noncontact regions. Third, PDMS shrinks by a factor of about 1% upon curing, 
but PDMS is readily swelled by nonpolar solvents such as toluene and hexane which 
are commonly used in the inking solutions. 
Summarily, the soft PDMS stamps used in µCP are extremely fragile, both 
chemically and physically, and can deform considerably during stamping, which 
prevents accurate and consistent patterning. Even the tiniest distortions or 
misalignments can destroy a multilayered microelectronics device. Therefore, µCP is 
not well suited for fabricating structures with multiple layers that must stack precisely 
on top of one another. It has also been found that accurate reproduction of patterns 
realized in PDMS stamps on gold substrates was problematic on a scale of smaller 
than 500 nm due to the diffusion of ink molecules from the contacted areas to the 
non-contacted areas.[37] All the disadvantages above limit the potential of µCP for 
commercial use. 
NIL employs a rigid stamp to emboss a thin film of polymer that has been 
heated to a temperature near its melting point. After imprinting the resist, an 
anisotropic etching is needed to remove the residue resist in the compressed area to 
expose the underlying substrate and transfer the patterns into it. The process has to be 
conducted in clean room facility, which makes NIL less accessible to general lab use. 
Compared with µCP, NIL is more robust and far better suited for nanoscale 
lithography due to its use of rigid stamps, however it is less versatile in what can be 
patterned.  
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Our research is focused on developing a high resolution printing technique for 
fabricating micro- and nanoscale conformal metal patterns on planar and non-planar 
polymeric substrates. Two printing strategies, collectively termed as “hard 
microstamping”, have been developed. Both methods use a rigid silicon stamp to 
transfer materials, such as nanoparticles and thin metal films, to a softened polymeric 
substrate, while embossing the substrate. Combining the robustness and applicability 
of NIL to nanoscale patterning with the versatility of µCP, these strategies were 
developed as an attempt to enhance the accuracy and versatility of classical contact 
printing to a precision comparable with optical lithography, creating a low-cost, 
large-area, high-resolution patterning process. Furthermore, the hard microstamping 
techniques are able to fabricate structures that cannot be formed using µCP, NIL or 
photolithography. Our work also involves optimizing the stamping process, 
examining and explaining the principles, materials, and limitations of this new class 
of patterning techniques, and demonstrating their ability to form patterns and 
structures of a wide variety of materials with features that range from hundreds of 
nanometers to micrometers in size. Some scientific issues related to material transfer 
are similar to those in conventional µCP, although problems unique to the use of hard 
stamps also arise. 
Using our technique, we can mould a polymer substrate to the desired shape 
and simultaneously transfer substances to form a variety of micro- and deep sub-
micron metal patterns on polymeric substrates. The process of hard microstamping is 
shown schematically in Fig. 2.6. First, a rigid stamp (made from Si or metals) is inked 
with nanoparticles, or coated with a thin film of metal. Then the stamp is pressed into  
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Figure 2.6   The process of hard microstamping: (a) A cleaned Si stamp (b) Inking 
of nanoparticles or deposition of metal  (c) A silicon stamp coated with 
nanoparticles or metal is pressed into a heated polymer  (d) After separating, 
nanoparticles or metal are selectively transferred from stamp to the polymeric 
substrate. 
a polymeric substrate that has been pre-heated above its Tg. After the pressure has 
been applied the system (stamp and substrate) is cooled to room temperature to 
solidify the polymer and facilitate the separation of the stamp from the polymeric 
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substrate. By controlling the pressure during stamping, the materials (metal 
nanoparticles or metals) can be selectively transferred to the substrate and a variety of 
micro- and nanoscale patterns can be formed.  
Comparatively speaking, conventional µCP only involves transferring 
materials and NIL only embosses materials. Our hard microstamping technique 
presents the ability to transfer materials and simultaneously emboss a substrate 
against the stamp to form patterns on planar and non-planar surfaces. We have 
developed it to generate micro- and nanoscale metal patterns over large areas on 
polymeric substrates. Summarily, our hard stamping method has the following 
advantages over other micropatterning methods.  
1) The rigid Si or metal stamp used in our hard stamping method is much more 
chemically, physically and thermally stable than the PDMS ones used in 
conventional µCP. 
2) Our hard stamping method has the ability to form and selectively pattern non-
planar surfaces, while conventional µCP can only produce patterns on planar 
surfaces. 
3) Our hard stamping method does not suffer from surface diffusion of the “ink”, 
while in µCP, the “ink” molecules tend to diffuse on surface from the contact 
regions to the non-contact regions, blurring the edges of the patterns. 
4) Compared to NIL, our hard stamping method has a much simpler operation 
under a more flexible working conditions. Complex processes, such as spin-
coating, post-printing etching etc. are not needed. Furthermore a variety of 
materials may be transferred during the stamping. This allows us to form 
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three-dimensional microstructures, for example, that cannot be formed using 
µCP or NIL. 
 
So far, we have developed two strategies of hard microstamping to fabricate 
conformal metal patterns on planar and non-planar polymeric substrates in a parallel 
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Chapter 3   Experimental 
 
In this section, two hard microstamping methods are reported. They include 
hard stamping of catalytic nanoparticles and hard stamping of thin metal films. 
 
3.1     Hard Stamping of Pd/PVP Nanoparticles 
 
Hard stamping of Pd/PVP nanoparticles allows us to selectively seed polymer 
surfaces without the need to chemically modify the surface of the polymer prior to 
stamping. The lack of a surface modification step allows us to mold the substrate 
against the stamp. Consequently, it is possible to generate metal micro- and deep sub-
micron patterns on polymeric substrates — using current methods, this is difficult or 




Silicon stamps with micro- and submicron features were purchased from the 
Institute of Microelectronics (IME) (Singapore). Polystyrene (PS), Palladium chloride 
(PdCl2), poly(vinylpyrrolidone) (PVP) with average molecular weight 55,000, 
poly(ethylene glycol)(PEG), poly(dimethyl siloxane)(PDMS) and the solvents were 
purchased from Sigma-Aldrich. 
The silicon stamps have two kinds of patterns, with microwells and with 
microchannels on them. The microwells vary from 2µm x 2µm to 100µm x 100µm and 
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the depths are 10µm. The line widths of the microchannels vary from 2µm to 100µm 
and the depths are 10µm. 
 





Step 1) Cleaning of the Silicon Stamp 
 
In order to achieve effective adsorption and adhesion of PVP-stabilized Pd 
nanoparticles to the stamp surface, it is important that the stamp surface is cleaned 
prior to “inking”. The silicon stamp (with its native oxide layer) was thoroughly 
cleaned with boiling acetone, isopropyl alcohol (IPA), and de-ionized water. Each 
cleaning step was done for 3 minutes. Thereafter, the stamp was dried with 
compressed air and placed in piranha solution at 90oC for 30 minutes. It was then 
washed with de-ionized water and dried completely. The step of cleaning using 
piranha solution removed the organic contaminants on the surface of the stamp, 
resulting a layer of SiO2 terminated with hydroxyl groups(-OH). It facilitated the 
subsequent adsorption of the PVP-stabilized Pd nanoparticles. The piranha solution 
used here was made by mixing three parts of concentrated H2SO4 (95%-97%) with 
one part of H2O2 (30%-35% aqueous solution) by volume. 
 
Step 2) Preparation of PVP-stabilized Pd Nanoparticle Suspension 
The colloidal suspension of catalytic palladium (Pd) nanoparticles was 
prepared following the method described by Fokkink and co-workers,[38-40] except that 
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excess reducing agent (hypophosphorous acid) was added to prevent long-term 
oxidation of the nanoparticles. A PVP solution was prepared by dissolving 50 mg of 
PVP (average MW ~ 55 000) in 500 ml of deionized water. A PdCl2 solution was 
prepared by mixing 150 mg of PdCl2 (anhydrous, 59% Pd) with 5.25 ml of 
hydrochloric acid (fuming, 37%). The solutions were stirred separately overnight. 
Thereafter, the two solutions were mixed together and 30 ml of hypophosphorous 
acid (H3O2P, 50%) was added very slowly until the mixture turned black, indicating 
that the Pd2+ was reduced to metallic Pd nanoparticles, following the reaction in 
reaction 1.  
              Pd2+ + H3PO2 + H2O → Pd0 + H3PO3 +2 H+                                (reaction 1) 
Then the excess reducing agent (hypophosphorous acid), about 10 ml, was added to 
the suspension to prevent long-term oxidation of the nanoparticles. Solutions made 
this way remained stable for more than six months. Finally, deionized water was 
added to make up 1L volume of the nanoparticle suspension. Based on Fokkink and 
co-workers’ measurements, the average diameter of our palladium nanoparticles is 
estimated to be about 3.8 nm.[40] Even including their porous stabilizing PVP coating, 
they are still only 10-30 nm in diameter. 
 
Step 3) Inking of the Stamp 
The surface of the stamp was coated or "inked" with a thin layer of PVP-
stabilized Pd nanoparticles prior to stamping. This was achieved by dipping the stamp 
into a colloidal suspension of the particles for between 30 minutes (Fig. 3.1b). 
Thereafter, it was removed and dried with a stream of nitrogen. 
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Step 4) Hard Stamping of Pd/PVP Nanoparticles 
A complete schematic of the inking and stamping process is shown in Fig. 3.1. 
The inked stamp was heated to about 100 °C and pressed against a polystyrene 
substrate that had been heated to between 110°C and 130 °C. The glass transition 
temperature of polystyrene is 100°C. The pressure was controlled so that only the 
raised areas of the stamp were in contact with the polymer substrate; the nanoparticles 
on these areas bond with the polymer during contact (Fig. 3.1c). The polymer 
substrate was then cooled to room temperature to facilitate the demolding. Thereafter, 
it was separated from the stamp and the nanoparticles were selectively transferred 
from the stamp to the substrate (Fig. 3.1d). The regions of the polymer substrate that 















































Figure 3.1   Schematic of the process of inking and hard microstamping of catalytic 
nanoparticles. (a) The silicon stamp is thoroughly cleaned. (b) The stamp is 
immersed into a PVP-stabilized Pd  nanoparticle solution. (c) The inked stamp is 
heated and pressed against the surface of a PS substrate that had been heated above it 
Tg. (d) After cooling, the stamp and substrate were separated. Nanoparticles were 
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Strategy II 
Using a similar variant of the hard microstamping technique mentioned in 
strategy I, we have produced raised metallized polymer features by first removing the 
catalytic particles from the raised regions of the stamp, and thereafter using regular 
molding techniques to form the three-dimensional raised features.[41] The process is 
schematically shown in Fig. 3.2. 
In strategy II, the first three steps are the same as those described in strategy I. 
Therefore they are not repeated here and only steps 4 and 5 are described below. 
 
Step 4) Removing Pd/PVP Nanoparticles From the Raised Areas of the Stamp 
After inking, the whole surface of the Si stamp was covered with Pd/PVP 
nanoparticles. Thereafter, the nanoparticles on the raised regions of the stamp were 
removed. This was achieved by bringing the inked stamp into contact with a dummy 
substrate or an adhesive layer. Thus the Pd nanoparticles on the raised areas of the 
stamp are transferred onto the dummy substrate or adhesive layer. Consequently, the 
catalytic nanoparticles remain only in the recessed areas of the stamp. 
 
5) Hard Stamping of Pd/PVP Nanoparticles 
After removing the Pd/PVP nanoparticles from the raised areas of the stamp, 
the stamp was heated to about 100 °C and pressed against a PS substrate that had been 
heated to between 140 °C and 150 °C, much higher than its Tg (100 °C). The pre-
heating of the stamp is necessary. It ensures that the liquid-like polymer is able to 
conform to the microscale features and it facilitates bonding between the 
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nanoparticles and the substrate. Pressure was applied continuously until the system 
cooled to room temperature. Thereafter, the stamp was carefully separated from the 
PS substrate and the nanoparticles on the recessed areas were transferred. The 
resulting polymer substrate is an inverse replica of the stamp. The raised regions of 
the polymer are coated with Pd nanoparticles, while other areas are free of them. 
 
 
A Si stamp inked with Pd/PVP 
nanoparticles on the whole surface Si stamp 
(a) 
 
Removing particles from the raised areas 
 
Stamping 
Si stamp  
(b) 
 

















 Figure 3.2   Shematic of hard microstamping of catalytic nanoparticles for three 
dimensional polymer features with high aspect ratio (a) A Si stamp was inked with 
Pd/PVP nanoparticles. (b) The nanoparticles on the raised regions of the stamp were 
removed. (c) The stamp was pressed against a PS substrate that had been heated above
its Tg and the pressure was applied to ensure that the polymer flow filled up the 
cavities of the stamp entirely. 29
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3.2     Hard Stamping of Thin Metal Films 
 
In addition to hard stamping of catalytic Pd/PVP nanoparticles, we have also 
developed another hard stamping method to directly transfer micro- and sub-micron 
metal patterns to polymeric substrates. To demonstrate bioengineering application of 
this method, the resulting polymer surfaces were treated to produce active ligands 
which were used for selective protein patterning and subsequent cell patterning.[42] A 
separate project within the group is using these micropatterned surfaces to study 
outgrowth of nerve cells.  
 
3.2.1 Materials 
Silicon stamps with micron and sub-micron features were purchased from the 
Institute of Microelectronics (IME) (Singapore). Polystyrene (PS) and poly(ethylene-
co-acrylic acid) (PEAA) pellets, acrylic acid (AA) monomer, Laminin, Avidin-FITC, 
1-ethyl-3-(3-dimethylamino)propyl carbodimide (EDAC), N-hydroxysuccinimide 
(NHS), PBS buffer, Tween20 detergent and the solvents were purchased from Sigma-
Aldrich, and mercapto-terminated polyethylene glycol (mercapto-PEG) was 
purchased from NOF corporation, Japan.  
 
3.2.2 Experimental Procedure 
3.2.2.1 Hard Microstamping of Thin Metal Films 
 
The process of hard stamping of metals is schematically shown in Fig. 3.3.  
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Figure 3.3   Schematic of the process of hard micro-/nanostamping of metals. 
(a) The Si stamp is thoroughly cleaned. (b) The cleaned stamp is deposited 
with a thin film (50-200 nm) of metal. (c) The metal-coated stamp is pressed 
into a polymer substrate that has been heated above its Tg. (d) After cooling, 
the stamp and substrate are separated. The metal film is transferred to the areas 
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Step 1) Cleaning of the Silicon Stamp 
In order to achieve effective adsorption and adhesion of metal films to the 
stamp surface, it is important that the stamp surface is clean prior to metal coating. 
The silicon stamp (with its native oxide layer) was thoroughly cleaned with boiling 
acetone, IPA, and de-ionized water. Each cleaning step was done for 3-5 minutes. 
 
Step 2) Metal Deposition 
The silicon stamp was coated with a 50-200 nm thick film of gold prior to 
hard stamping. This was achieved by physical vapor deposition (PVD). We used a 
DC sputtering system.  The basic process of PVD is that ions formed in a gas plasma 
are accelerated on to a target causing target material to be ejected and deposited onto 
the substrate. The plasma is formed from argon or other sputter gases introduced into 
the vacuum and is controlled using a magnetic field. By varying the targets, gases and 
voltages a variety of materials ranging from pure metals and oxides to mixed 
oxide/nitrides can be commercially deposited. 
Deposition parameters of gold are shown in Table 3.1. The base pressure is 9 
x 10-6. Process pressure is 4 x 10-3. 
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Step 3) Hard Stamping of Thin Metal Films 
The metal-coated stamp was pressed against a polymer substrate that had been 
heated slightly above its Tg. In this work, PS and PEAA were used as substrates. The 
pressure was controlled so that only the raised areas of the stamp are in contact with 
the polymer; the metal on these areas bond with the polymer during contact. The 
pressure was applied until the polymer substrate material was cooled to room 
temperature. Thereafter, it was separated from the stamp and the thin metal film was 
selectively transferred from the stamp to the substrate. The regions that did not touch 
the stamp were completely free of the metal film.  
We have also successfully fabricated three-dimensional raised polymer 
microstructures coated with thin gold film using a similar method by first removing 
the deposited gold on the raised regions of the silicon stamp. Thereafter, the polymer 
was molded against the stamp, filling its cavities entirely. After separating, the gold 
film within the stamp cavities was transferred to what had become the raised regions 
of the polymeric substrate. The areas that contacted the base of the stamp were free of 
the gold film. 
 
3.2.2.2 Stamped Metal Patterns as Masks for Patterning Proteins 
Since our stamping methods have provided us with a way of making 
extremely fine metal patterns on polymer substrates, it is useful to investigate whether 
the metal patterns can be used as masks to pattern other materials such as proteins. 
 
i) Surface Modification 
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Two polymers, PS and PEAA have been successfully used as substrates for 
hard stamping of metals films. The resulting micropatterned surfaces can be used for 
protein patterning after surface modification and treatment. Two separated schematics 
of the steps in proteins patterning using different polymeric substrates are shown in 
Fig. 3.4 and Fig. 3.5. 
 
a) Poly(ethylene-co-acrylic acid) (PEAA) Substrate 
For the PEAA specimen with microscale Au patterns, the PEAA surface was 
directly used for protein conjugation due to the existence of carboxyl groups (-
COOH) within the PEAA structure (Fig. 3.4). Proteins, such as laminin, are readily 















Figure 3.4   PEAA surface for protein conjugation. Proteins, such as 
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b) Polystyrene (PS) Substrate 
For the PS specimens with gold patterns, the substrates were first treated with 
argon plasma before graft polymerization (Fig. 3.5b). Argon plasma treatment was 
performed in a glow-discharge quartz reaction chamber (model 3P) manufactured by 
DURA TEK Inc. The plasma power supply was set at 150W. The specimen was 
exposed to the glow discharge at argon pressure of about 0.4 Torr for 60 seconds. The 
plasma-treated specimen was subsequently exposed to oxygen for 5-10 minutes to 
effect the formation of peroxides and hydroperoxides, which were used in the 
subsequent UV-induced surface graft polymerization. 
Next, acrylic acid (AA) monomer was grafted on the plasma-treated PS 
specimen with UV irradiation, detailed below. The PS specimen was immersed in 20 
mL of the aqueous macromonomer solution that contained 0.2 mL of AA, see Fig. 
3.5c. The solvent for the AA was de-ionized water. The reaction mixture was exposed 
to UV illumination with a 355 nm wavelength for a predetermined period of time, 1-2 
h. After graft polymerization with AA, the specimen was removed from the reaction 
mixture and washed with a jet of de-ionized water. It was then immersed in de-
ionized water with continuous stirring for 12 h and rinsed with copious amounts of 
de-ionized water. The treatments used ensured that carboxyl groups (-COOH) grafted 
on the PS surface and that excess AA was removed. These groups are active ligands 
for protein conjugation. 
 
ii) Mercapto-terminated PEG Self-assembling 
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In this work, hydrophilic polyethylene glycol (PEG) chains were introduced 
on gold surface to reduce the non-specific adsorption of proteins, see Fig. 3.6b. 
Specifically, the AA-grafted specimens were washed thoroughly with de-ionized 
water and placed in 2mM aqueous solution of mercapto-PEG reagent for at least 4 h. 
The specimens were then rinsed with copious amounts of de-ionized water and dried 
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Figure 3.5   Schematic of surface modification of PS (a) PS surface (b) Ar 
plasma treament and O2 oxidization (c) acrylic acid grafting under UV 
irradiation. Proteins, such as laminin, can be readily conjugated with 
surface –COOH groups. 
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iii) Protein Conjugation 
Two separated protein solutions of avidin-FITC and laminin, were made by 
dissolving the proteins in PBS (pH=7.4) at a concentration of 0.1 mg/mL. The PS and 
PEAA specimens, with gold patterns on them, were rinsed initially with PBS to 
rehydrate the surface and then immersed in a 1:1 mixture by volume, of 60 mM NHS 
and 150 mM EDAC solutions in PBS at room temperature for about 30 minutes. Then 
the specimens were removed and washed with PBS solution quickly and placed in 
one of the protein solutions. The adsorption was allowed to proceed at room 
temperature for 1-2 h. The specimens were then removed from protein solution, 
gently washed three times with PBS, and rinsed once with de-ionized water to remove 
the PBS salts. After being dried under reduced pressure, the protein-adsorbed surfaces 
were analyzed. 
 
3.2.2.3 Surface Characterization 
 
XPS and ToF-SIMS were employed to characterize the polymer substrates at 
every stage of the process of surface modification. A fluorescence microscope 
(Nikon) was employed to capture images of the fluorescent protein (FITC tagged 
Avidin) patterned substrates. 
 
i) XPS Measurements 
XPS analysis was performed using a VG ESCALAB 220i-XL spectrometer 
with an Mg Kα X-ray source (1253.6 eV) and a hemispherical energy analyzer. All 
spectra were obtained at a take-off angle of 90o to the sample surface and a rate of 0.1 
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eV/step was used for all the high-resolution XPS spectra acquisition. A flood gun was 
used to compensate for surface charge. The ion gun was operated at 3 keV with an 
ion current of 1.0 µA and the beam rastered over a 3 mm x 3 mm area of the sample. 
 
ii) ToF-SIMS Measurements 
SIMS analysis was carried out in a ToF-SIMS IV system, built by ION-TOF. 
The primary ion gun was 25 kV Ga+ with an ion beam current 2 pA. The primary ions 
come in 1 ns pluses, the pulses of secondary ions are accelerated at 2 kV, thus the 
time of their flight to the detector is proportional to square root of mass. This method 
provides high mass resolution above 8000 amu and high sensitivity, which allows a 
mass spectrum to be collected after sputtering less than one molecular layer. By 
scanning a focused ion beam over the surface, mass resolved secondary ion images 










































































Figure 3.6   Schematic of surface modification and protein patterning (a) AA-
grafted PS surface or PEAA surface (b) mercapto-terminated PEG self-assembly 
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4.1     Hard Stamping of Pd/PVP Nanoparticles 
 
Our method of hard stamping of nanoparticles allows catalytic Pd/PVP 
nanoparticles to be transferred from a rigid stamp surface to a hot, softened polymer 
substrate while the polymer is being embossed or molded to the shape of the stamp. 
Some scientific issues related to material transfer are similar to those of conventional 
microcontact printing method, although problems unique to the use of hard stamps 
also arise. 
Hard stamping of Pd/PVP nanoparticles involves the adsorption of Pd/PVP 
nanoparticles on a rigid Si stamp (with its native oxide layer) and the subsequent 
transfer to a hot, viscous fluid-like polymer. The Pd nanoparticles are so small, 
roughly 4 nm in diameter, that even including their porous stabilizing polymer 
coating, they are still only 10-30 nm in diameter. The successful stamping process 
depends on many factors, such as the duration of stamp immersion into the Pd/PVP 
suspension, the stamping temperature, the adhesion strength between the 
nanoparticles and stamp, and wetting conditions between the nanoparticles and 
polymer substrate.  
In this section, the processes and mechanisms of the adsorption and transfer of 
the Pd/PVP nanopaticles are discussed. The effects of the various factors, including 
adsorption time, stamping temperature on the adsorption and transfer of the 
nanoparticles are investigated. ToF-SIMS and XPS were applied to characterize the 
surfaces of interest. A simple model based on minimization of total surface energy 
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was developed to study the possibility of nanoparticles engulfing within the polymer 
during the stamping process.  
 
4.1.1 Effect of Adsorption Time  
In our work, Pd2+ ions were reduced to metallic Pd nanoparticles in the 
presence of PVP to form a colloidal suspension. PVP molecular chains adsorb onto 
the Pd particles and prevent intimate contact between particles (steric stabilization), 
thus preventing flocculation.  
The adsorption of nanometer-sized Pd/PVP particles, roughly 10-30 nm, onto 
the SiO2 surface is complex because the process may involve several types of 
particle-surface interactions. To study it, seven Si<100> samples (with the native 
oxide layers) were immersed into a PVP-stabilized Pd suspension for varying periods, 
from 1 minute to 24 hours. The adsorption of colloidal Pd particles on the SiO2 
surface was studied as a function of the time. This was done by measuring the Pd 
intensity on each of the specimens with ToF-SIMS. 
As shown in Fig. 4.1, Pd intensity increases rapidly with adsorption time and 
reaches a fairly steady value within about 30 minutes. After that, only a slight 
increase was found. It is well-known that PVP molecules adsorb on the SiO2 surface 
from aqueous solutions readily due to hydrogen bonding. Our experimental result 
above indicates that a vast majority of adsorption sites on the SiO2 surface were 
occupied by PVP molecules within 30 minutes. After that, the coating of PVP chains, 
and the electrostatic repulsion between SiO2 surface and Pd/PVP particles prevented 
Pd/PVP particles from furthering adsorbing on the surface. 
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Figure 4.1   ToF-SIMS measurements of Pd coverage of SiO2 surface as a 
function of the adsorption time. The intensity of the Pd signal is normalized 




4.1.2 Possible Adsorption Mechanisms of Pd/PVP Nanoparticles 
PVP molecules adsorb onto SiO2 from aqueous solutions readily due to 
hydrogen bonding.[43] However, according to a study by Fokkink and coworkers, Pd 
particles with stabilizing PVP coatings, prepared by the present hypophosphite 
method do not adsorb or adsorb very weakly to SiO2 surfaces[40]. Therefore, they 
suggested that a repulsive force between the Pd particles and the SiO2 surface is 
responsible for the failure of the Pd particles to adsorb strongly to SiO2.  
The general observation that noble metal colloids, particularly those prepared in 
chloride containing solutions, are negatively charged through specific Cl- adsorption 
suggests that charge repulsion between the acidic SiO2 surface (with a point of zero 
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charge, pH<2) and the Pd particles may be responsible for the lack of adsorption 
(Figure 4.2). Fokkink et al.[40] suggested that, despite the clear chemical affinity of 
PVP for the SiO2 surface, the steric layer in the adsorbed state is not thick enough to 
screen the Coulombic particle-substrate repulsion. 
 
 






We surmise that the morphology change of the PVP molecules due to the Pd 
particles may also affect the adsorption strength on SiO2 surfaces. According to a 
study by Fokkink and coworkers[39], there is a clear distinction between adsorption 
mechanisms between weakly and strongly adsorbing polymers on Pd nanoparticles. A 
weakly adsorbing polymer cannot adapt its shape during adsorption on the 
Figure 4.2   Illustration of the adsorption of PVP-stabilized Pd nanoparticles 
on the SiO2 surface. 
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nanometer-sized Pd particles. In contrast, strongly adsorbing polymers like PVP do 










 Figure 4.3   Schematic representation of the adsorption mechanism for 
weakly and strongly absorbing polymers on Pd particles (a) Weakly 
adsorbing polymer (PVA); (b) strongly adsorbing polymer (PVP). (Figure 




Consequently, we believe that the strongly bound PVP-stabilized Pd particles 
develop a certain rigidity in their structure and are less able to re-conform to external 
surfaces. This means that, unlike a free PVP molecular chain which is able to adapt 
its shape to lie flat on a SiO2 surface, the composite PVP/Pd particle is not able to 
conform as effectively and therefore it will have far fewer hydrogen binding sites on 
the SiO2 surface. This would significantly reduce the adsorption strength of Pd/PVP 
particles with SiO2. 
 44
Chapter 4   Results and Discussion 
These PVP/Pd particles would also be supported from collapse due to the 
surrounding water molecules (PVP has a strong affinity for water molecules). 
However, our stamping process involves heating the stamp to elevated temperatures. 
Consequently, the water molecules may be driven off and the PVP molecules may be 
able to bond more effectively to the SiO2 surface. 
Figure 4.4 shows two possible scenarios ─ first when the water molecules act as 
support when they are trapped by the PVP chains. Second after the molecules are 






Figure 4.4   Illustration of possible configurations of PVP-stabilized Pd 
nanoparticles adsorbed on the SiO2 surface (a) before and (b) after heating 










Prior to heating the Si stamp, PVP molecules adsorb onto SiO2 surface from 
aqueous solutions via hydrogen bonding, and some water molecules are entrapped 
between the PVP molecules and the substrate, which causes the weak adhesion 
between the PVP-stabilized Pd particles and the SiO2 surface. Thereafter, the stamp is 
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removed from the colloidal suspension, dried in a flow of nitrogen and then heated to 
a raised temperature for some time (our stamping process requires using a heated 
stamp). During the process, the entrapped water molecules may evaporate off and 
PVP molecules may adsorb more strongly to SiO2 surface through hydrogen bonding. 
The success of the nanoparticle transfer is based on a much stronger adhesion 
between the particles and polymer than the one between the particles and Si stamp. 
To see if the adhesion would be sufficiently weak to allow transfer during stamping, 
we conducted some simple experiments detailed below. Five Si<100> samples (with 
their native oxide layers) were thoroughly cleaned with boiling acetone, isopropyl 
alcohol, and de-ionized water for 3-5 minutes. The cleaned stamp was placed in 
piranha solution at 90oC for 30 minutes. It was then washed with de-ionized water 
and dried completely. The resulting surface was SiO2 terminated with hydroxyl 
groups. Then these samples were immersed into the PVP-stabilized Pd suspension for 
30 minutes to ensure that the Pd/PVP nanoparticles adsorbed on the surface of the 
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Table 4.1   Different treatments of 5 Si<100> samples (with the native oxide layers).
 
 
Sample                                 Treatment 
Si1_1 Dried with a fast jet of compressed air. 
Si1_2 Rinsed with fast running water, then dried with a fast jet of 
compressed air. 
Si1_3 Dried with a fast jet of compressed air. Then heated to 75oC 
for 2 minutes and wiped gently with a moist cotton bud. 
Si1_4 Dried with a fast jet of compressed air. Then heated to 125oC 
for 2 minutes and wiped gently with a moist cotton bud. 
Si1_5 Dried with a fast jet of compressed air. Then heated to 200oC 
for 2 minutes and wiped gently with a moist cotton bud. 
 
 
Since heating is an important part of the hard stamping process, the samples 
Si1_3, Si1_4 and Si1_5 were heated to different temperatures to see how heating 
affects the adsorption strength of Pd/PVP nanoparticles.  
Figure 4.5 shows X-ray photoelectron spectra (XPS) indicating the amount of 
Pd adsorbed on each of the five Si stamps.[44] Prominent Pd peaks were only found 
for Si1_1, indicating a high number of Pd nanoparticles adsorbed on the stamp. The 
peaks for Si1_2 are much lower than the ones in Si1_1, indicating that most of the 
adsorbed Pd nanoparticles had been removed by the DI-water rinsing step. The lack 
of Pd peaks in Si1_3, Si1_4 and Si1_5 indicated that the vast majority of the 
nanoparticles had been removed from the silicon surfaces by a gentle wiping with a 
cotton bud. From these results, it is clear that the nanoparticles adhere weakly to the 
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stamp and are easily removed even after the stamp was heated to 200 °C for 2 
minutes. This allows the particles to be transferred in a stamping/embossing process 
even when significant heating is involved in the process. 
 











Figure 4.5   XPS scans
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between PVP molecules and polymer substrate. The successful transfer process 
depends on several factors, such as adhesion strength between the nanoparticle and 
the stamp, and wetting conditions between the nanoparticle and the polymer 
substrate. 
In order to study the transfer of particles, six Si<100> specimens were 
thoroughly cleaned as described before. Then the six specimens were immersed into 
the PVP/Pd suspension for different periods of time. The stamping process occurred 
at 100oC. ToF-SIMS was used to measure the intensities of Pd on these six Si<100> 
specimens before and after the hard stamping process. The differences of Pd 
intensities before and after stamping process were used to analyze the transfer 
percentage of Pd nanoparticles. (Table 4.2) 
 
 Table 4.2   Pd intensity on the stamp measured before and after hard stamping which 










Si2_1 1 min 20.786 0.299 98.56% 
Si2_2 5 min 61.675 0.205 99.67% 
Si2_3 30 min 248.525 0.103 99.96% 
Si2_4 1 h 250.137 0.0349 99.99% 
Si2_5 6 h 254.326 0.0295 98.84% 
Si2_6 24 h 256.913 0.0482 99.98% 
 * The intensity of Pd signal is normalized by Ga intensity used as the reference. 
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As shown in Table 4.2, the intensities are the palladium intensity measured by 
the TOF-SIMS normalized by the Ga intensity measured simultaneously with the 
TOF-SIMS.  Using data normalized in this way is common for TOF-SIMS 
measurements since the Ga comes from the SIMS sputtering source and therefore 
provides a reasonably constant base with which to normalize other data. The transfer 
percentage of Pd/PVP nanoparticles for each of the five samples is nearly 100%, 
indicating that almost all the particles have been transferred from the stamp to the 
polymer substrate. The duration of adsorption of Pd/PVP nanoparticles does not 
affect the transfer percentage significantly. The amount of Pd/PVP nanoparticles 
adsorbed on the stamp increased rapidly within the first 30 minutes, then reached a 
fairly steady value, which is in agreement with the result in Fig.4.1. 
 
4.1.4 Effect of Stamping temperature on the Transfer of Pd/PVP 
Nanoparticles 
Stamping temperature plays an important role in the process of Pd/PVP 
nanoparticle transfer. To define the most appropriate temperature for nanoparticle 
transfer, five Si<100> samples were thoroughly cleaned as mentioned before. Then 
they were immersed into Pd/PVP suspension for 30 minutes, removed and dried. 
Thereafter, they were used to emboss the PS substrates. The experimental conditions 
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Table 4.3   PS samples stamped at different temperatures.  
Sample[a] Stamping Temperature (oC) Transfer Percentage[b]
Si3_1 75 0 
Si3_2 100 50.22% 
Si3_3 125 76.77% 
Si3_4 140 90.92% 
Si3_5 160 98.250% 
 [a] The substrates used here were polystyrene(PS). [b] The intensity of Pd signal is normalized 
by Ga intensity used as reference.   
 

















Stamping Temperature  
 Figure 4.6   ToF-SIMS measurements of the transfer percentage of the Pd/PVP 
particles at different stamping temperatures. This is simply a graphical 
representation of Table 4.3.  
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For each of these 5 samples, the surface was examined before and after 
stamping by ToF-SIMS. The difference of Pd intensities before and after stamping 
indicated the transfer percentage of the nanopaticles. 
Figure 4.6 shows a graphical representation of the results in Table 4.3. For the 
PS substrate, no particles were transferred at 75 oC ⎯ a point 25 oC lower than the Tg 
of PS (100 oC). When the stamping temperature was elevated to 160 oC, the transfer 
percentage reached 98.25%. The result showed that over a wide temperature range 
(75 oC-160 oC), the higher the stamping temperature, the more nanoparticles were 
transferred. 
It is worth pointing out that the polymer substrate material largely affects the 
result. For the PS substrate, the transfer percentage reached its maximum at 160 oC, a 
point much higher than its Tg. However, for PEAA substrates, almost all the 
nanoparticles were transferred around their Tg (~70 oC). The variation depends on the 
polymer substrate material. Furthermore, too high a stamping temperature might 
bring other problems, such as the oxidization of catalytic nanoparticles, and the 
polymer flow may touch the bottoms of the cavities of the stamp. These factors need 
to be considered in the stamping process in order to find an optimal point. 
 
4.1.5 Engulfing of Pd/PVP Nanoparticles beneath the top layers of 
the polymer substrate 
Certainly a strong affinity between the polymer substrate and the Pd/PVP 
particles is advantageous for particle transfer from the stamp. However if the affinity 
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is too strong it may be possible for the particle to engulf within the polymer as 





The top layers 
of polymer 
Polymeric substrate 
Figure 4.7   Schematic of PVP-stabilized Pd nanoparticles engulfed 










In the bulk of the polymer, the molecular chains are tightly entangled with 
each other. In the topmost layers of the surface, the molecular chains are looser and 
may appear as individual hair-like molecular chains. Since the polymer substrate is 
heated to well above it melting temperature, good wetting between the particles and 
polymer means that the nanoparticles may be engulfed beneath a few top layers of the 
polymer surface during transfer due to minimization of the total surface energy.  
Four PS samples were prepared, detailed in Table 4.4, to study how the heating 
affects Pd/PVP particles on heated PS surfaces.  
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Table 4.4   PS samples treated in different ways for ToF-SIMS measurement. 
 
Sample Treatment 
PS1_1 PS substrate directly immersed into PVP/Pd 
suspension for 60 s, then dried. 
PS1_2 PS substrate directly immersed into PVP/Pd 
suspension for 5 min, then dried. 
PS1_3 A Si stamp was immersed into PVP/Pd 
suspension for 5 min and dried. The particles 
were transferred to PS_3 by stamping at 150oC. 
PS1_4 PS substrate directly immersed into PVP/Pd 




The four PS samples were examined by ToF-SIMS to study the Pd intensities 
on their surfaces. The result is shown in Fig. 4.8. For the samples without heating 
treatment (PS_1 and PS_2), the maximum intensities were found on the surfaces of 
the samples and Pd intensities decreased with the depth of the substrate. The different 
period of nanoparticle adsorption did not cause nanopaticle engulfing. In contrast, for 
the samples that were heat-treated (PS_3 and PS_4), the Pd intensities reached their 
maxima at a small depth below the PS surface, then started to decrease. This appears 
to indicate that at raised temperatures nanoparticles may sink slightly into the 
polymer substrate. 
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The reason why it is still possible to see a Pd peak after such a long sputtering 
time is that the Pd particles (or cluster of particles) sputter considerably slower than 
the surrounding polymer.  Therefore, the fact that the Pd intensity takes a long time to 
drop off does not imply that the Pd extends far into the polymer material.  What is 
important is how long it takes before the Pd peak intensity is seen.  This is taken as an 
indication of the average Pd particles’ proximity to the surface. 
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Figure 4.8   ToF-SIMS measurements of the distribution of Pd particles on PS 
surfaces. The sputtering time is indicative of the depth below the surface. The Pd 
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Minimization of total surface energy may be a driving force for the engulfing 
phenomenon. Since heating is a significant part of the hard stamping process, the top 
layers of the polymer may be very mobile and facilitate engulfing within the stamping 
time. Of course, in our case, minimum engulfing may be sufficient to inhibit the 
catalytic activity of the particles. 
 
4.1.6 Calculation of the Surface Energy of A Nanoparticle 
The engulfing of a “hairy” composite nanoparticle within the mobile surface 
chains of a “hairy” polymer surface at elevated temperatures is an extremely complex 
problem. To do it justice would require a very detailed study including three-
dimensional atomistic modeling, temperature based probabilities of chain motion, etc. 
It is a momentus task that, even with the best current capabilities, may not yield 
particularly satisfying results. For our purposes we only need a qualitative idea of 
what the driving force may be for different particles and if stable configurations may 
exist.  
We have chosen to treat the problem as a highly simplified continuum model 
based on wetting angles. Here the “wetting angle” is considered to be a measure of 
the affinity between the composite particle and the polymer. It may not bear a direct 
relation with the actual macroscopic wetting angles that can be measured. However it 
is expected to be qualitatively similar. 
Obviously, the better the wetting between Pd/PVP nanoparticles and the 
polymer substrate, the more pronounced is the phenomenon of nanoparticle 
engulfing. In our model, a Pd nanoparticle with its polymer coating is treated as a 
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uniform solid sphere. We assume this sphere to have a radius R and a wetting angle θ 
with the polymer substrate. The parameters involved in the calculation and their 
meanings are shown in Table 4.5. 
 
 





θ Contact angle between the viscous polymer and 
solid nanoparticle 
ψ An angle related to the depth of nanoparticle 
engulfing 
Σ Total surface energy 
σpa Surface tension of the air-polymer interface 
σsp Surface tension of the particle-polymer interface 
σsa Surface tension of the air-particle interface 
Apa Surface area of the air-polymer interface 
Asp Surface area of the particle-polymer interface 
Asa Surface area of the air-particle interface 
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The calculation is based upon minimizing the surface energy of the total 










(a) Stage 1 (b) Stage 2 
                                                                Figure 4.9   Illustration of nanoparticle on and embedded below the surface (a) 
stage 1: Nanoparticle on the surface; (b) stage 2: Nanoparticle partially 




In stage 1, the nanoparticle is on the surface of the polymer substrate. The 
total surface energy is: 
111 sasapapa AA σσ +=∆Σ  
04 1
2
1 == spsa ARA π  
 
In stage 2, the nanoparticle is embedded into the polymeric substrate. The total 
surface energy:  
2222 spspsasapapa AAA σσσ ++=∆Σ  
)cos1(sin24 222 ψψππ −−= RRAsa  
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22
12 sinψπRAA papa −=  
)cos1(sin2 22 ψψπ −= RAsp  
The change of the total surface energy from stage 1 to stage 2: 
[ ])cos1(sincos2sin 2221 ψψθψπσ −⋅⋅+=Σ−Σ=∆Σ Rsp               (2) 
From the eq. 2, we find that the depth h of nanoparticle engulfing below the surface 
of the polymeric substrate is closely related to the contact angle θ between the 
nanoparticle and the polymeric substrate. For a different θ, the nanoparticle 
minimizes its total surface energy at a different depth below the surface. The 
relationship between θ and the change of the total surface energy ∆Σ is shown in Fig. 
4.10. 















Wetting angle θ in degrees  
 
Figure 4.10   The relationship between θ and the change of the total surface 
energy ∆Σ. 
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The X-axis represents the wetting angle between the nanoparticle and polymer 
while y-axis shows the normalized surface energy change between the initial status 
(nanoparticle on the polymer surface) and the corresponding equilibrium status 
(nanoparticle partially or completely embedded below the polymer surface). The 
change in total surface energy decreases with the increasing wetting angle, and 
reaches its minimum at a point at 180oC. 
 
4.1.7 Effect of Stamping Temperature on Nanoparticle Engulfing 
Since heating is a significant part in the process of our stamping method, it is 
critical to study whether and how temperature affects the engulfing of Pd/PVP 
particles. Five Si<100> samples (with the native oxide layers) were thoroughly 
cleaned in the way mentioned previously. Thereafter, these clean samples were 
immersed into a Pd/PVP solution for 30 minutes. After removal from the colloidal 
suspension and drying with a gentle flow of N2, these samples were used as stamps to 
transfer the Pd/PVP nanoparticles at different temperatures. The stamping 
temperatures for each sample (PS2_1 to PS2_5) are shown in Table 4.6. 
After stamping the PS surfaces were examined by ToF-SIMS to investigate 







Chapter 4   Results and Discussion 
 Table 4.6   PS samples with stamped Pd/PVP nanoparticles prepared 
for ToF-SIMS measurements. 
 








For PS2_1, no Pd intensity was found, which indicates that almost no Pd/PVP 
particles had been transferred to the PS substrate. Particle engulfing can be found in 
the other four PS samples, and their ToF_SIMS results are shown in Fig. 4.11. The Pd 
intensities in the four samples increased first and reached their maxima at a small 
depth below the polymer surface, then started to decrease. Few Pd/PVP particles were 
transferred at less than 100oC and our PS substrate will decompose at a point above 
200oC. These results indicate that some engulfing occurs throughout the range of five 
stamping temperatures. As mentioned previously too much engulfing may prevent the 
nanoparticles acting as catalysts. However it is also true that a small amount of 
engulfing may be good since it may promote adhesion between the nanoparticles, 
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 Figure 4.11   ToF-SIMS measurements of Pd/PVP nanoparticles on PS 
surfaces stamped at different temperatures.  
 
Summarily, the successful stamping process depends on many factors, such as 
the period of nanoparticle adsorption, the stamping temperature, the adhesion strength 
and wetting conditions between the nanoparticle and polymer substrate. We have 
investigated some of the basic issues affecting hard stamping of Pd/PVP 
nanoparticles. Substantial effort is still needed to give a more in-depth understanding 
of the scientific issues and problems related to materials science in the stamping 
process, such as the nanoparticle engulfing into the polymer. 
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4.2     Hard Stamping of Thin Metal Films 
 
The technique of hard stamping of thin metal films provides us a route to 
directly generate micro- and deep sub-micron conformal metal patterns on planar and 
non-planar polymeric substrates. In this section, the process and principles of metal 
film transfer are examined and the effects of stamping temperature and substrate 
material on the quality of the resulting micropatterns are investigated. 
 
4.2.1 Mechanism of Hard Stamping of Thin Metal Films 
Our technique of hard stamping thin metal films technique offers patterning 
capabilities from micro- to deep sub-micron scales directly on common polymeric 
surfaces. In this process, a rigid Si stamp is coated with a thin metal layer ─ usually 
between 50 nm and 200 nm thick sputtered on the stamp surface. Thereafter, the 
metal-coated stamp is brought in contact with a heated or uncured polymer and the 
controlled pressure is applied. After cooling or curing, the stamp and the polymeric 
substrate are separated. If the bond between the polymer and the metal layer is 
stronger than the one between the metal and the stamp, then metal is transferred to the 
polymer during separation. This method is extremely simple and works well for a 
wide variety of polymers under the correct conditions.  
In the process of hard stamping of thin metal films, preheating of the stamp is 
important, this is because the air trapped within the cavities of the stamp expands and 
is expelled outwards into the polymer during contact. This can affect the quality of 
the metal micropatterns significantly. 
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4.2.2 Effect of Stamping Temperature on Metal Film Transfer 
Stamping temperature plays a critical role in the process of hard 
microstamping of thin metal films. Our study shows that the most appropriate 
stamping temperature is slightly below or above the Tg of the polymer substrate. The 
exact variation from the Tg depends on the polymer used. Either too high or too low a 
temperature may cause different types of defects. Figure 4.12 shows defects caused 
by too low a stamping temperature. The perfect patterns should be square polymer 













Figure 4.12   Optical micrograph of 100 µ m x 100 µ m, square PS 
features, separated by Au regions, stamping at 80oC. Defects are due to 




A 100 nm thick gold pattern was stamped on PS substrate at 80oC, a 
temperature much lower than its Tg. At such a low temperature, the bond between PS 
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and gold is very weak ─ comparable with that between the gold and the stamp. 
Consequently, only partial transfer occurred.  
 
4.2.3 Effect of Separating Temperature on Metal Film Transfer 
In addition to the stamping temperature, the temperature at which the stamp 
and substrate are separated strongly influences the quality of the microstructures. 













Figure 4.13   Optical micrograph of Au lines, roughly 10µm in width, on 





A 100 nm thick gold film was stamped on PEAA substrate around its Tg 
(~70oC), but the stamp and substrate were separated almost immediately. The gold 
lines transferred on the PEAA substrate appear corrugated. It is believed that this is 
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caused by differential thermal shrinkage between gold and PEAA. The polymer 
PEAA shrinks considerably more than gold during cooling from Tg to room 
temperature. This shrinkage is accommodated by the gold by buckling, thereby 
forming the corrugated structures seen in Fig. 4.13. 
 
4.2.4 Selection of Polymeric Substrate Materials 
In addition to temperature, the polymer substrate material also strongly affects 
the quality of metal micropatterns generated on the polymer surface. In our 
experiments, several thermoplastic polymers have been used as substrates. They 
include polystyrene (PS), poly(methyl methacrylate) (PMMA), poly(ethylene–co-
acrylic acid) (PEAA) and low-density polyethylene (LDPE). We have successfully 
transferred micron and sub-micron scale gold patterns on these polymers. Some of the 
experimental results are shown in Fig. 4.14. Gold patterns, with the feature sizes 
varying from 20 µm to 200 nm, have been transferred from rigid Si stamps to various 
thermoplastic polymer substrates. 
 
           
Au 
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Figure 4.14   (A1) Optical micrograph of Si stamp with 2 µm x 2 µm square 
microwells; (A2) Optical micrograph of raised PMMA regions, 2 µm x 2 µm in 
cross section, separated by gold regions stamped from the Si stamp shown in (A1); 
(B1) Optical micrograph of Si stamp with 20 µm x 20 µm square microwells; (B2) 
Optical micrograph of raised LDPE regions, 20 µm x 20 µm in cross section, 
separated by gold regions stamped from the Si stamp shown in (B1); (C1) SEM 
micrograph of 350 nm wide gold lines (bright) on PEAA substrate, separated by 
PEAA regions (dark) (C2) SEM micrograph of raised PS regions, 200 nm x 200nm 








Chapter 4   Results and Discussion 
Note that in our hard stamping method, amorphous polymers, such as PS and 
PMMA, have good moldability and yield high quality micron and sub-micron scale 
structures or patterns. Crystalline polymers and polymers with high shrinkage during 
cooling from the stamping temperature are more difficult to work with. For example, 
it is very difficult to get high quality micro- and sub-microscale structures on the 
crystalline polymer poly(ethylene glycol) (PEG).  
In addition to the thermoplastic polymers listed above, the method also works 
on thermoset polymeric substrates. In this case, hard stamping of metal can be done 
on uncured or partially cured substrates and the stamp and substrate can be separated 
after curing is complete. For example, curable epoxy resin has been successfully used 
as the substrate, shown in Fig. 4.15. 
 
 
       
20 µm 20 µm 








by  Epoxyure 4.15   Optical micrograph of raised cured epoxy resin regions, (a) 2 
 x 2 µm in cross section, (b) 10 µm x 10 µm in cross section, separated 
stamped gold regions. 
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There are a variety of applications for metal patterns on polymeric substrates. 
Examples include microcircuits, connectors and Microelectromechanical System 
(MEMS) applications. Our hard microstamping technique offers patterning 
capabilities from micron to deep sub-micron scales over large regions of planar or 
non-planar polymer substrate. It opens new possibilities in fields as diverse as 
molecular electronics and bioengineering. Here we introduce two different 
applications. 
 
5.1     Microfabrication of Metal Patterns 
 
Electroless deposition is an important industrial process used for metallizing 
surfaces of semiconductors and nonconducting materials. For electroless deposition 
of a metal layer (e.g. Ni), the substrate is immersed in a solution containing a 
reducing agent (e.g. hypophosphite) and metal ions (Ni2+). The process is an 
autocatalytic redox reaction in which metal cations in solution are reduced and 
deposited on a surface as a metal layer. The reduction of Ni2+ by hypophosphite (eq. 
4) has a high activation energy and occurs at a significant rate only in the presence of 
a catalyst. If hypophosphite is used as the reducing agent, a small amount (9.8 wt% at 
pH 4) of phosphorus is incorporated during the deposition of an electroless Ni layer. 
                                Ni2+ + H3PO2 + H2O → Ni0 + H3PO3 + 2H+                (reaction 2)     
In order to confine reaction 2 to selected areas of the substrate to be plated, the areas 
have to be catalytically activated. Pd is a good catalyst for the initiation of Ni 
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deposition from an electroless solution.[45,46] If there is no active catalyst present on 
the surface, no deposition will occur there. Consequently, metal patterns or circuitry 
can be produced by selectively catalyzing certain regions of a substrate or by 
selectively deactivating regions of a catalyzed surface. Approaches to achieve this 
include photopatterning of pretreated substrates,[47] selectively irradiating self-
assembled monolayers to control where the catalysts bind to,[48,49] and using 
microcontact printing (µCP) techniques to selectively catalyze substrates. [50-52]  
Hidber et al.[50,51] used µCP to selectively seed substrates with palladium 
particles. They coated a stamp with tetraoctadecylammonium-stabilized palladium 
particles. The stamp was then contacted with a silanized substrate and the particles 
were transferred. The silane layer ensured bonding between the substrate and the 
particles. Kind et al.[52] coated a stamp with a catalytic precursor ink. The stamp was 
then brought into contact with a titanium-coated substrate. The Pd(II) in the ink and 
Ti on the surface reacted chemically to form a Pd(0) catalytic pattern.  
Using our hard microstamping method, the catalytic Pd nanoparticles were 
selectively transferred onto a polymeric substrate without the need to chemically 
modify the surface of the polymer prior to stamping. The lack of a surface 
modification step allows us to mold the substrate against the stamp. Consequently, the 
method can be used to fabricate conformal circuitry on polymeric surfaces—using 
current methods, this is difficult or impossible to achieve on the microscale. After the 
particles had been transferred, the substrate was immersed in an electroless plating 
solution. Metal deposition occurs only where the particles have been transferred to the 
substrate. Figure 5.1 schematically shows the process of electroless plating using the 
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Figure 5.1   Schematic of electrole
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The nickel-plating solution used in this case was an "in-house" 
midphosphorous solution using sodium hypophosphite as a reducing agent. The 
solution had a pH of 5 and the electroless plating was carried out at 90oC. We have 
also used commercial solutions and deposited metals successfully on PVP-stabilized 
Pd nanoparticle stamped polymer surfaces. Using our hard stamping method shown in 
Fig. 5.1 (Strategy I), microscale Ni patterns buried in the polymeric substrate have 
been fabricated.  
 









Figure 5.2   Optical micrographs of polystyrene surfaces metallized selectively by
our hard nanoparticle microstamping method. The light gray regions are where 
nickel has been deposited. The dark areas are polystyrene regions free of nickel. 
The insets show cross sections (not to scale) of the metallized substrates. (a) N
lines, roughly 40 µm
ickel 
 (b)  wide, separated by 10 µm wide bare polystyrene regions.






Figure 5.2 shows optical micrographs of nickel features on polystyrene 
substrates. The nickel features are flat while the polystyrene areas between protrude 
upward—surface profilometer measurements show the features in Fig. 5.2a to stand 
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about 5 µm above the nickel surface and atomic force microscope measurements 
show those in Figure 5.2b to stand about 0.5 µm above the nickel surface. The 
features shown in Fig. 5.2 precisely replicate the surface of the stamp, however, some 
defects were introduced since the electroplating solutions were not filtered and the 
printing was not performed in a cleanroom. Nickel lines, roughly 40 µm wide and 
separated by 10 µm spaces, are shown in Fig. 5.2a. A grid pattern of 1 µm wide nickel 
lines is shown in Fig. 24b. Additionally, we have fabricated various size metal 
features on polymer substrates. 
Using the hard microstamping method shown in Fig. 5.1 (Strategy II), three-
dimensional raised microstructures of polystyrene (PS) coated with nickel have been 


























Figure 5.3   Micrographs of three-dimensional raised PS microstructures 
fabricated by our hard stamping technique. The insets show cross section 
schematics (not to scale) (a) Optical micrograph of raised PS columns (b) 
SEM micrograph of raised grid patterns (c) SEM micrograph of raised PS 
columns. All raised features in (a), (b) and (c) are coated with nickel by 






Raised PS columns coated with Ni, 20 µm x 20 µm in cross section, separated 
by sunken bare PS regions are shown in Fig. 5.3a. A raised grid pattern composed of 
50 µm wide polymer line features with Ni plated on the top surface and the sidewalls 
is shown in Fig. 5.3b. The nickel plating occurred only on the surface where catalytic 
Pd nanoparticles had been selectively transferred. The surface of the underlying PS 
substrate is free of nickel, indicating that few or no catalytic nanoparticles had been 
transferred on these areas. A similar result is shown in Fig. 5.3c. These PS pillars, 2 
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Figure 5.4   (a) Optical micrograph of the surface of the stainless-steel scissors 
used as a stamp for hard stamping. (b) Optical micrograph of a selectively 
metallized polymer surface fabricated using the scissors as the stamp. (c) SEM 
micrograph of the nickel film plated on the polystyrene surface. After plating, 
the surface was scratched with a sharp metal object (~50 µm wide running 
from the top to the bottom of the micrograph) to demonstrate that the plating 
has covered the whole surface. Bright areas within the scratched region are 
exposed PS surfaces that are “charging” due to the electron beam. 
 
Electroless metal plating on a rough surface could play a significant role in the 
field of semiconductor packaging. In general, two rough surfaces can make better 
electrical contact than two smooth ones. To test the ability of our stamping method to 
generate rough metal patterned polymer substrates, we used stainless-steel scissors as 
a stamp for hard stamping. An area of the original stainless-steel scissors is shown in 
Fig. 5.4a. The corresponding stamped and metallized polymer surface is shown in 
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Fig. 5.4b ⎯ the bright areas are nickel. The polymer has conformed to the roughness 
of the stamp and the metal pattern covered the rough polymer well.  
Figure 5.4c shows a SEM micrograph of the nickel film plated on the 
polystyrene surface. After plating, the surface was scratched with a sharp metal object 
(~50 µm wide running from the top to the bottom of the micrograph) to demonstrate 
that the plating has covered the complete surface. The polystyrene below the nickel 
film appears light due to charging effects. Figure 5.5 shows the surface roughness of 


















Figure 5.5   Surface roughness of the PS specimen plated with Ni. 
 
 
In conclusion, we have demonstrated that selective metallization of nonplanar 
polymeric surfaces is possible by hard stamping of catalytic particles and subsequent 
electroless plating. We have accurately reproduced metallic features as small as 1 µm 
wide (buried 0.5 µm deep) and rough (about 4-8 µm peak-to-valley roughness) 
metallized surfaces on polystyrene substrates. Hard microstamping of catalytic 
nanoparticles with subsequent metal electroless plating presents the ability to form 
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conformal microcircuitry on nonplanar polymeric substrates and possibilities for a 
wide variety of fields where features such as raised microprobes or connectors or 
buried circuits are needed.  
 
5.2     Stamped Metal Masks for Patterning Proteins 
 
The ability to generate patterns of proteins and cells on surfaces is important 
for biosensor technology[53] and fundamental studies of cell biology[54]. So far, 
besides dip-pen lithography,[55] which is a slow serial process based on patterning 
with an atomic force microscope, there is no effective method for patterning deep 
sub-microscale patterns of proteins. In this section, we chose to demonstrate that our 
patterns could be used effectively as masks to pattern materials such as proteins that 
are normally extremely difficult to pattern. In our process the proteins are covalently 
bonded with the substrate. This is a significant improvement over micropatterning 
methods that rely on physical adsorption of the protein since conjugated proteins are 
more stable and remain active longer than physically adsorbed proteins. [56,57]






















































Figure 5.6   Schematic of neuron attachment on protein patterns (a) Protein 




5.2.1 Surface Modification and Characterization 
Adsorption, entrapment, and covalent attachment are the leading techniques 
employed for immobilization of biomolecules onto solid supports. Adsorption of 
biomolecules is simple and mild. However, this ease of attachment is somewhat offset 
by the fact that adsorbed proteins denature quickly as well as leach off the surface. 
[56,57] In addition, Ulbrich et al. found that adsorption does not always provide as high 
a density of protein on the surface, as does covalent attachment.[58] Therefore, 
covalent attachment is the preferred method for biomolecule binding. High surface 
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density of immobilized biomolecules has been achieved. Primary amines, thiols, and 
carbonhydrate groups are often the sites of immobilization of proteins. 
In order to achieve active ligands for the subsequent protein conjugation, the 
surface of polystyrene micropatterned with gold film was pre-treated using argon 
plasma and oxidized, then grafted with acrylic acid monomer. The resulting surface 
contained a very high concentration of carboxyl groups (-COOH), which are capable 
of binding proteins. Polyethylene-co-acrylic acid (PEAA) showed a more convenient 
use as a polymer substrate than PS due to the fact that it readily supplies carboxyl 
groups. This eliminated an extra process of introducing these reactive groups on inert 
polymers like PS. 
It is well known that gold is highly susceptible to non-specific protein 
absorption, and since we targeted to immobilize proteins only on exposed polymer 
regions, it was important to make the gold pattern on polymer template resistant 
against protein absorption. Introduction of hydrophilic polyethylene glycol (PEG) 
chains on gold surfaces to reduce protein absorption has been well documented[59,60]. 
The hydrophilic nature of PEG chains makes it highly resistant against protein 
adsorption. In our studies, PEG with terminal thiol (SH) groups were used to bind the 
PEG chains to the gold surface by following standard gold/mercapto binding 
chemistry. 
 
1) Fluorescence Spectroscopy 
FITC tagged avidin (Avidin- FITC) was conjugated on the gold-patterned 
polymer substrates to visualize the patterns by fluorescence microscopy. Figure 5.7 
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shows the fluorescent image of Avidin-FITC on a gold-patterned polyethylene-co-
acrylic acid substrate. The selectivity in protein patterning only on polymer and not 
on the gold surface was achieved by modifying the gold regions with a mercapto-
PEG reagent. The hydrophilic nature of PEG chains prevented proteins from 
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 Figure 5.7   Fluorescence images of micro-stamped gold/PEAA pattern after 
conjugation of Avidin-FITC (a) Square PS regions with avidin-FITC (green), 
roughly 2 µm x 2 µm, separated by Au regions (dark); (b) 10 µm wide PS lines
with avidin-FITC (green), separated by roughly 5 µm wide Au regions (dark). Although flu
rption, if the fl
ally quenched.
lute proof of s
sure of our selec
S characterizati(a)orescence images give an indication of the se
uorescent label is close to the gold surface i
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2) XPS Characterization 
XPS was performed to study the effectiveness of introduction of PEG chains 
to inhibit protein absorption on the gold surface. XPS survey spectra were captured 
for the micro-stamped PEAA/gold patterns at various stages of the PEG and protein 
conjugations. Due to the fact that, in our system, only proteins contain nitrogen, we 
followed the appearance of N1s peaks in XPS spectra as a guide to infer the protein 
attachment on the surface.  
Figure 5.8 shows a set of XPS spectra taken from a gold region of a 
PEAA/gold patterned sample. Neat gold surface did not show any N1s peak (at about 
395eV) in the spectrum. Without any prior PEG treatment, the protein-treated gold 
surface (Gold_Protein) showed a N1s peak. The presence of the N1s peak in the 
spectrum clearly indicated that proteins were absorbed on the gold surface. The gold 
surface (Gold_PEG) treated with mercapto-PEG reagent did not show N1s peak in the 
survey spectrum. Even after subsequent immersion in protein solution 
(Gold_PEG_Protein), no N1s peak can be seen. This clearly shows the effect of PEG 
chains in preventing the absorption of proteins on gold. The PEG chains conjugated 
on the gold surface acted as an effective inhibitor against protein molecules adsorbing 
to the gold surface. This made the gold surface resistant against protein absorption 
and induced the specificity in the protein immobilization. 
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Figure 5.8   XPS Spectra on gold regions of a PEAA/gold patterned sample at 
various steps of the modification reactions.  
 
 
Figure 5.9 shows the XPS survey spectra taken from the PEAA regions of the 
pattern.  As expected the neat PEAA surface (PEAA) as well as PEG treated PEAA 
surface (PEAA_PEG) did not show any N1s peak in the survey spectrum. However, 
the PEAA surface treated with proteins with (PEAA_PEG_Prot) and without prior 
mercapto-PEG treatment (PEAA_Prot) showed the presence of N1s peaks in the 
spectra. Thus the mercapto-PEG treatment did not introduce the PEG moieties on 
PEAA surface and therefore it did not inhibit the protein attachment on PEAA 
regions. This indicated that the mercapto-PEG treatment on the PEAA/gold patterns 
caused only the gold surface to be resistant to protein absorption while the PEAA 
surface remained unaffected by the PEG.  
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Figure 5.9   XPS Spectra on polymer regions of a PEAA/gold patterned 
sample at various steps of the modification reactions.  
 
 
3) ToF-SIMS characterization 
ToF-SIMS measurements were performed on the PEAA/gold patterns in order to 
confirm spatial selectivity of laminin attachment on the substrates. The samples were 
analyzed at various steps of the PEG conjugation and the laminin conjugation.  Mass 
resolved images, 200 µm x 200 µm in area, containing PEAA regions and gold 
regions were analyzed.  Again we followed the distribution of nitrogen containing 
compounds in these images to monitor laminin absorption. Among the nitrogen-
containing fragments, the strongest intensity was observed for NH- fragments in 
negative secondary ion spectra, hence we used the maps of NH as an indication of the 
location of protein on the surface and present them in Fig. 5.10 and Fig. 5.11. 
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PEAA region 
Gold region 
(a) (b)  
Figure 5.10   Mass resolved images of an area of gold-patterned PEAA that has 
been treated with laminin without any prior PEG treatment (a) Au and (b) NH 
secondary ions.  Both (a) and (b) are images exactly the same area of the 





                                                     
PEAA region 
Gold region (a) (b)  
 Figure 5.11   Mass resolved images of an area of gold-patterned PEAA that has 
been treated with mercapto-terminated PEG and thereafter was treated with 
laminin (a) Au and (b) NH secondary ions. Both (a) and (b) are images of 




In the case of the PEAA/gold patterned sample directly conjugated with 
laminin (i.e. no prior PEG treatment), the NH component was detected on the PEAA 
regions as well as on the gold regions (Fig. 5.10b). Both the regions show similar 
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intensities of the NH component.  It is clear that the protein absorption is not selective 
with respect to the gold or PEAA surface if the sample is not pre-treated with 
mercapto-terminated PEG (mercapto-PEG) reagent. 
In contrast, the sample treated with mercapto-PEG prior to protein 
conjugation shows dramatic selectivity. It shows substantially higher concentration of 
the NH component in PEAA regions compared with the gold regions (Fig. 5.11b). 
This shows that the PEG incorporated on the gold surface prohibited the protein 
attachment. In this way we achieved selectivity in protein conjugation on PEAA 
regions leaving the gold regions non-conjugated. Thus the TOF-SIMS analysis results 
are in agreement with XPS results. 
5.2.2 Preliminary Study of the Cell Outgrowth 
Although not specifically within the scope of this thesis, we did some 
preliminary tests to ensure that neuron cells were able to thrive on our specimens. 
Figure 5.12 shows PC 12 neuron cells cultured for different periods of time on gold 
stamped protein patterns, demonstrating the cell responses to the patterned proteins. 
The substrates used were PS and PEAA with microscale protein features on them, 
separated by gold regions. Laminin adsorption only occurred on the exposed PS and 
PEAA surfaces. The gold surfaces are almost entirely free of laminin due to the 
presence of mercapto-terminated PEG. We found that neurons differentiate and grow 
axons only on the PS and PEAA surfaces, not on areas where there were large regions 
of gold. If the protein/gold regions are small compared with the cell, the cells are able 
to grow across them, see Fig. 5.13 (a). 
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(a) (b)  
 Figure 5.12   PC12 cultured on micropatterned polymer substrates with laminin 
conjugation, separated by gold regions (a) 24h culture on PEAA surface 
containing 2 µm x 2 µm square-like feaures (b) 24 h culture on PS surface 
containing 10 µm wide lines. The cell has differentiated and is growing on (a) 






Other researchers within this lab will use our patterned substrates to study the 
directional outgrowth of axons in nerve cells on different deep sub-micro- and 
nanoscale patterned surfaces with protein density gradients. Gradients of holes within 
these gold patterns (Fig. 5.13) with conjugated proteins will be used as pixilated 
gradients to accurately control the amount of protein attachment. We expect to 
achieve directional outgrowth of axons from the regions with lower density of protein 
to the ones with higher density. The holes in the stamped gold mask shown in Fig. 
5.13 are 200 nm in diameter. By using our stamped patterns and following the 
procedures we have outlined here researchers in the lab should be able to achieve 
pixilated protein gradients that appear uniform to the cells due to the small size of the 
individual pixels. We anticipate that such pixilated gradients will make it easier to 
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control and adjust the exact concentration of proteins ⎯ whereas with other 
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Figure 5.13   SEM micrograph of gold stamped onto PEAA. The amount 
of exposed PEAA forms a gradient in the horizontal direction. The holes 






Summarily, the ability to pattern proteins on polymer substrates on the 
micrometer or sub-micrometer scale is important for developing biosensor, tissue 
engineering and molecular or cell based sensors. We have developed a new method to 
form protein patterns in more convenient manner. Our hard microstamping method is 
a very promising technique for patterning proteins on sub-micrometer or even 
nanometer scales. We have demonstrated this method producing 2 µm sized protein 
features on PEAA/gold substrates. The incorporation of PEG chains on the gold 
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surface prevented proteins from adhering to it. Consequently, we were able to achieve 
specific immobilization of proteins only on exposed PEAA regions of the substrate. 
We also proposed a pixilated format for achieving protein gradients on polymer 
substrates for guided growth of nerve cells. We have stamped the necessary gold 
patterns (with 200 nm features) on PEAA substrates. Selective attachment of proteins, 
characterization and cell culture experiments on these substrates will be done by 
subsequent researchers within the lab. We regard the hard microstamping method as a 
very convenient way to realize our concept of pixelated gradient of proteins on 
polymer substrates. Because the process of the protein conjugation is conducted by 
simple chemical treatment, unlike other techniques, where the proteins are often 
subjected to UV radiations, in our method the activity of the proteins is not affected. 
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Chapter 6   Conclusions and Future Work 
We have developed two cost-effective, versatile micro/nanopatterning 
techniques, collectively termed “hard stamping”. These methods allow us to fabricate 
micron and deep sub-micron conformal metal patterns on planar and non-planar 
polymer substrates. Scientific issues and problems unique to the use of rigid stamp 
are studied. In our research the techniques were developed and optimized and we also 
examined and explained the basic principles, processes, and limitations of these 
techniques. 
Our first technique involves hard stamping of catalytic Pd/PVP nanoparticles. 
A rigid silicon stamp is "inked" with PVP-stabilized Pd nanoparticles prior to 
stamping. The inked stamp is heated and pressed against a polymer substrate that has 
been heated above its Tg. The applied pressure is controlled so that only the raised 
areas of the stamp are in contact with the polymer; the nanoparticles on these areas 
bond with the polymer during contact. The polymer substrate material is then cooled 
to room temperature. Thereafter, it is separated from the stamp and the nanoparticles 
are transferred from the stamp to the substrate. The areas that did not contact the 
stamp are completely free of nanoparticles. The substrate is then immersed in an 
electroless metal plating solution. Metal deposition occurs only where the particles 
have been transferred to the substrate due to the fact that the Pd/PVP nanoparticles 
are good catalysts for electroless metal plating. Successful stamping depends on many 
factors, such as the duration of adsorption of Pd/PVP nanoparticles on the stamp, the 
stamping temperature, the adhesion strength between nanoparticle and stamp, and 
wetting conditions between nanoparticle and polymer substrate. 
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In our work, the Pd/PVP nanoparticles can be transferred from the stamp 
surface to polymer substrate even if the stamp is pre-heated up to a high temperature. 
This is possible due to the weak adsorption of the particles on the stamp surface and 
the good wetting and adhesion conditions between the particles and polymer 
substrate. Certainly a strong affinity between the polymer substrate and the Pd/PVP 
particles is advantageous for particle transfer from the stamp. However if the affinity 
is very high it may be possible for the particle to engulf within the polymer. Since 
heating is a significant part of the hard stamping process, the top layers of the 
polymer may be very mobile and facilitate engulfing within the stamping time. A 
simple model based upon minimization of surface energies was developed to study 
the possibility of nanopartilces engulfing. Of course, in our case, very little engulfing 
may be sufficient to inhibit the catalytic activity of the particles. Our technique of 
hard stamping of catalytic Pd/PVP nanoparticles makes it possible to selectively seed 
polymer surfaces without the need to chemically modify the surface of the polymer 
prior to stamping. The lack of a surface modification step allows us to mold the 
substrate against the stamp. Micro- and deep sub-microscale metal patterns have been 
achieved by subsequent electroless metal plating. 
Our second technique involves hard stamping of thin metal films directly onto 
polymeric substrates. Specifically, a rigid Si stamp is sputtered with a thin metal layer 
─ usually between 50 nm and 200 nm thick. Thereafter, the metal-coated stamp is 
brought contact with a heated or uncured polymer and controlled pressure is applied. 
After cooling or curing, the stamp and the polymeric substrate are separated. If the 
bond between the polymer and the metal layer is stronger than the one between the 
 91
Chapter 6   Conclusion and Future Work 
metal and the stamp, then the metal is transferred to the polymer during separation. 
This one-step method allows us to transfer and generate micron and deep sub-micron 
metal patterns on common polymeric substrates.  
In this process, the stamping temperature plays a critical role. Our study 
shows that the most appropriate stamping temperature is slightly below or above the 
Tg of the polymer substrate. The exact variation from the Tg depends on the polymer 
used. The temperature at which the stamp and substrate are separated strongly 
influences the quality of the microstructures. Too high a separating temperature 
results in the corrugation of the metal patterns on polymeric substrates due to 
differential shrinkage between the metal and polymer. This method is extremely 
simple and works well for a wide variety of polymers under the correct conditions. 
The two techniques we have developed facilitate the generation of complex 
two-dimensional and three-dimensional polymer features with micron and deep sub-
micron metal patterns. The resulting patterned surfaces have potential applications in 
fields as diverse as semiconductor packaging and bioengineering. We chose to 
demonstrate that our micron and deep sub-micron metal patterns can be used as 
masks to pattern materials that are normally extremely difficult to pattern on these 
size scales. Utilizing our hard stamping method, polymer surfaces are masked metals 
for subsequent selective conjugation of proteins. This enables surfaces to be patterned 
with proteins with micron and deep sub-micron lateral resolution. We are interested 
in patterning biological molecules, such as proteins, on commonly used polymers 
because of their wide use in cell culture and as biomaterials. Deep sub-micron 
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patterned surfaces with pattern gradients have been fabricated in order to study the 
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